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BOUNDING PLANE-BASED TECHNIQUES
FOR IMPROVED SAMPLE TEST
EFFICIENCY IN IMAGE RENDERING

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is concurrently filed with the following
commonly-owned patent applications, each of which is incor-
porated by reference in its entirety for all purposes:

U.S. patent application Ser. No. 13/168,765, filed Jun. 24,
2011, entitled “System and Method for Improved
Sample Test Efficiency in Image Rendering,” and

U.S. patent application Ser. No. 13/168,771, filed Jun. 24,
2011, entitled “Bounding Box-Based Techniques for
Improved Sample Test Efficiency in Image Rendering,”.

BACKGROUND

The present invention relates to image rendering, and more
particularly to improving sample test efficiency in image
rendering applications.

The rendering of a high quality image relies upon an accu-
rate color computation for each pixel forming the image. The
accuracy of this color computation is improved by distribut-
ing sample points across each pixel, testing which sample
points are overlapped by a primitive which is to be rendered in
the image, and computing a color for the pixel based upon
those overlapped and non-overlapped sample points.

Sample testing algorithms (sometimes referred to as “point
in polygon tests™) determine which samples of a screen space
region (usually a pixel) are overlapped by a primitive, and the
quality of such algorithms can be based upon their “sample
test efficiency” (STE), this term referring to the number of
sample points overlapped by a primitive versus the number of
sample points tested for a given screen space region, e.g. a
pixel. A high STE indicates an efficient sample testing algo-
rithm, as a high percentage of the test sample points were
actually or possibly overlapped by the primitive.

Techniques for improving STE are useful in the contexts of
motion blur and depth of field rendering effects, as both types
of effects involve a primitive potentially traversing a large
number of pixels, resulting in a potentially large number of
sample points which have to be considered for testing.

Motion blur results when the camera and/or geometry
move while the virtual camera shutter is open. While the
motion can theoretically be arbitrary during the exposure of a
frame, ithas been observed in film industry that vertex motion
can often be satisfactorily simplified by assuming linear
motion between shutter open (t=0) and closed (t=1).

In stochastic rasterization, the frame buffer is generalized
so that each sample has additional properties in addition to the
screen-space (x,y) position. In order to support motion blur, a
time value is assigned to each frame buffer sample. In absence
of motion, the frame buffer behaves exactly as it does cur-
rently, providing spatial antialiasing. With motion, a sample
is updated only when a triangle overlaps the sample at the
time of the sample.

The prior art describes several ways of interpolating a
triangle to a specified time. One approach is as described in
“The Accumulation Buffer: Hardware Support for High
Quality Rendering,” P. Haberli and K. Akeley, Proc. SIG-
GRAPH 1990, pgs. 309-318, and in “Data-Parallel Raster-
ization of Micropolygons with Defocus and Motion Blur,” K.
Fatahalian, E. Luong, S. Boulos, K. Akeley, W. Mark, and P.
Hanrahan, Proc. High Performance Graphics 2009. This
approach involves interpolating the vertices of a primitive in
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homogeneous clip space before triangle setup, and therefore
a separate triangle setup/rendering pass is required for each
distinct time. While simple to implement, this approach may
not scale to a large number of samples per pixel, and the
image quality can suffer due to a fixed (typically small) set of
unique time values.

A second conventional approach has been to identify the
screen-space bounds for the “time-continuous triangle”
(TCT) for the entire exposure time, and then test all samples
in all covered pixels by interpolating the triangle to the current
sample’s time, as described in disclosed in “Stochastic ras-
terization using time-continuous triangles,” T. Akenine-M6l-
ler, J. Munkberg, and J. Hasselgren, Proc. Graphics Hardware
2009. Possible implementations include at least time-con-
tinuous edge functions (about 3x the cost of traditional 2D
edges) and ray-triangle intersection. TCTs offer high image
quality because a unique time value can be set to each sample,
but an accompanying disadvantage is low STE. When a tri-
angle moves quickly, it can cover a relatively large region on
the screen, yet at the same time we expect it to cover approxi-
mately a constant number of samples regardless of motion.
STE therefore degrades drastically for fast motion, and can be
as low as 1% in realistic cases.

A third approach is described in U.S. Pat. No. 4,897,806,
whereby exposure time is split into several strata (typically,
the number of strata equals the number of samples per pixel),
and the above-mentioned second approach is called for each
strata. This improves STE significantly, but the efficiency of
the solution is not optimal for the low sampling densities
typically encountered in fast rendering graphics (4-16
samples/pixel).

In view of the shortcomings of the conventional
approaches, a new method for providing improved sample
test efficiency in image rendering is needed.

SUMMARY

A system, method, and computer program product for
reducing the number of samples tested for rendering a screen
space region of an image is presented herein. The method
includes constructing a trajectory of a primitive in a three
dimensional coordinate system, the coordinate system
including a screen space dimension, a lens dimension and a
time dimension. A bounding volume is constructed for a
screen space region which is to be rendered, the bounding
volume overlapping a portion of the screen space region. The
bounding volume is defined according to a plurality of bound-
ing planes which extend in the three dimensional coordinate
system, whereby the bounding planes are determined as a
function of the trajectory of the primitive. One or more
sample points which are located within the screen space
region, and which are not overlapped by the bounding volume
are excluded from testing.

The foregoing method finds particular application in the
rendering of images, an exemplary method of which includes
the aforementioned operations, and the additional operations
of identifying a screen space region which is to be rendered,
testing sample points which are located within the screen
space region and which are overlapped by the bounding vol-
ume of the primitive, and rendering the screen space region
based upon the tested sample points.

These and other features of the invention will be better
understood in view of the following drawings and detailed
description of exemplary embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates a triangle moving in screen space as a
function of time in accordance with the present invention;
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FIG. 1B illustrates a triangle exhibiting apparent motion in
screen space as a function of horizontal lens dimension (u) in
accordance with the present invention;

FIG. 2 illustrates surfaces formed from vertices of the
triangle shown in FIGS. 1A and 1B within a (t,u,x) coordinate
system in accordance with the present invention;

FIG. 3 illustrates surfaces formed from vertices of the
triangle shown in FIGS. 1A and 1B within a (t,v,y) coordinate
system in accordance with the present invention;

FIGS. 4A and 4B illustrate upper and lower bounding
planes determined for each of the (t,u,x) and (t,v,y) coordinate
systems in accordance with the present invention;

FIGS. 5A-5C illustrate exemplary bounding planes which
are formed in the (t,u,x) coordinate system in accordance with
the present invention;

FIG. 6 illustrates an exemplary method for reducing the
number of samples tested for rendering a region of an image
in accordance with the present invention;

FIG. 7 illustrates an exemplary method for rendering a
region of an image in accordance with the present invention;

FIG. 8 illustrates an exemplary system in which the meth-
ods described for FIGS. 1A-7 finds utility in accordance with
the present invention; and

FIG. 9 illustrates an exemplary graphics processing sub-
system shown in FIG. 8 in accordance with the present inven-
tion.

For clarity, previously described features retain their refer-
ence indices in subsequent figures.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Current hardware rasterizers rely on approximations of a
pinhole camera and infinitesimal exposure time for efficiency,
an accordingly motion blur and depth of field effects are
missing from the rendered images. If finite aperture and expo-
sure time are assumed, the screen-space vertex positions
become dependent on the amount of motion during the expo-
sure time as well as the amount of defocus blur. The latter is
a simple function of depth, and its shape is typically a circle.
An exemplary model is

VertexPosition(z,u,v)=VertexPosition,—q ,~, y—o+Mo-

tionVector*(f)+CircleOfConfusionRadius™*(z,v) eq. (1)

The typical approach for rasterizing triangles defined by
three such vertices consists of two stages. At the first stage, all
pixels that may be covered for some combination of lens
position and time during exposure are identified. This is typi-
cally implemented by computing minimum and maximum X
and y bounds from the equation above, for valid ranges oft, u
and v. In certain cases it can be beneficial to determine a
tighter but more complicated bounding shape, especially
when motion blur is much stronger than defocus blur.

Atthe second stage, the pixels that fall within the bounding
shape are identified, and the sample points included therein
are tested for coverage. Each sample has a predefined (u,v,t)
in addition to the traditional (x,y) subpixel offset. The actual
coverage test can be implemented in various ways, for
example using a ray-triangle intersection test, or high-dimen-
sional edge functions in a pixel shader. These tests are com-
putationally expensive to execute, and thus it is advantageous
to exclude as many samples as possible without compromis-
ing correctness. A triangle can be expected to cover roughly a
constant number of samples regardless of the amount of
motion or defocus, and yet the screen-space bounds can grow
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4

significantly due to motion and defocus, leading to a signifi-
cantamount of redundant work and low sample test efficiency
(STE).

The commonly-owned, concurrently filed U.S. patent
application Ser. No. 13/168,765, filed Jun. 24, 2011, entitled
“System and Method for Improved Sample Test Efficiency in
Image Rendering” and U.S. patent application Ser. No.
13/168,771, filed Jun. 24, 2011, entitled “Bounding Box-
Based Techniques for Improved Sample Test Efficiency in
Image Rendering” each present methods for computing t-, u-
and v-bounds [t,,,,.,t,00 s [umm, o) A0A [V, v, |forapar-
ticular screen space region, e.g., a pixel/tile on the screen.
Once these parameter bounds are known, the number of
samples tested can be reduced to those that are within the
computed non-screen space (u,v,t) bounds.

However, while motion or defocus can be optimized inde-
pendently, concurrent motion and defocus may cause reduced
efficiency. This is because motion (t) and defocus (u,v) both
cause apparent movement on the screen, which means that the
same object point may project to the same (X,y) screen loca-
tion from multiple different (u,v,t) coordinates, effectively
coupling the t axis with the u and v axes. This multiple-
valuedness inflates the [t,,,,,.t,. .1, [W,0: U] 304 [V,0,005V 00n]
bounds, resulting in an increased t range to account for the
worst-case effect of the lens, Similarly, increased u, v ranges
would be needed to account for the worst-case effect of
motion, leading to less than ideal STE.

To address this problem, the construction of a bounding
volume in two new coordinate systems of (t,u,x) and (t,v,y) is
proposed. A bounding volume in the (t,u,x) and (t,v.y) sys-
tems is defined by an upper bounding plane and lower bound-
ing plane in each of the of new coordinate (t,u,x) and (t,v,y)
systems.

Under the assumptions made in Equation (1), the X coor-
dinate of a given object point is an affine function oft and u,
i.e., its image in (t,u,x) coordinates is a plane. Similarly, they
coordinate of the object point is an affine function oft and v
and its image in (t,v,y) coordinates is a plane. The skilled
person will appreciate that other models exists for determin-
ing vertex positions of a primitive, and the present invention
is equally applicable to those models.

For background, FIGS. 1A and 1B illustrate a triangle in
two dimensional coordinate systems, exemplary (t,x) and
(t,u), respectively. Next, FIGS. 2 and 3 are presented each of
which illustrate the triangle’s trajectory in the new (t,u,x) and
(t,v,y) coordinate systems. From the teaching of the present
invention it will understood that while complete (X,y,u,v,t)
space of a primitive is five-dimensional, the problem of deter-
mining the position of the primitive can be separated into two
three dimensional problems corresponding to the (t,u,x) and
(t,v,y) coordinate systems described herein.

FIG. 1A illustrates a triangle in screen space in accordance
with the present invention. The triangle 110 is shown at posi-
tion (X,,y,) at time index t=0, and position (x,,y,) at time
index t=1, the triangle 110 identified with the references 110,
and 110, to indicate their respective time indices. The triangle
110 undergoes motion during the time interval t=0 and t=1,
the term “motion” or “screen space motion” referring to both
actual motion of a primitive or apparent motion of the primi-
tive. Screen space motion of the triangle illustrated in FIG. 1A
is an embodiment of actual motion, that is, the triangle’s
motion in screen space occurs as a function of time, and not as
a result of viewing the triangle from different lens positions
(u,v), an example of which is described below.

The triangle’s motion is further characterized as having a
trajectory 120 extending between the triangles 110, and 110, .
As used herein, the trajectory 120 determines a region on the



US 9,147,270 B1

5

screen for any (u,v,t) coordinates, so that the screen space
region bounds the primitive at those particular (u,v,t) coordi-
nates. As such, the trajectory 120 includes screen space
dimensions (x,y) and a non-screen space dimension (W,v, t,),
and more particularly in the present invention two non-screen
space dimensions, either (u,t) or (v,t). As shown, the trajectory
120 defines the possible screen space paths along which the
triangle 110 can take during the time span t=0 to t=1. The
triangle 110 may include lens dimension coordinates (u,v)
alternative or in addition to the time dimension (t). As used
herein, the term “screen space” refers to the conventionally-
known screen space of the image, the space being defined in
the convention in the (x,y) dimension coordinate system. The
term “non-screen space” refers to a space which is not
included in the screen space of the image. Examples of such
spaces/dimensions include time (t) and lens dimensions (u,v).

As shown, the trajectory 120 intersects a screen space
region 130 (referred to herein as a “tile” for brevity), which
may be any region in the screen space which is to be rendered,
e.g., a pixel whose color/reflectance/transmittance is to be
determined. The trajectory’s intersection of the tile 130 indi-
cates that the triangle may (but not necessarily) intersect the
tile.

It will be understood by the skilled person that the forego-
ing example applies equally to a description of a primitive
with respect to horizontal and vertical lens dimensions (u,v),
as viewing the primitive from different lens positions (u,v)
will result in apparent motion of the primitive in the screen
space, such apparent motion intersecting the tile 130. In this
case, each frame buffer sample point is further indexed with a
lens position (u, v). Depth of field is related to motion blur in
the sense that when the viewing position on the lens is moved
to the left or the right, this causes only horizontal movement
of'the vertices, and similarly for vertical movement. That is, a
change in the horizontal lens coordinate (u) results in appar-
ent movement of the primitive only in the horizontal direc-
tion, and a change in vertical lens coordinate (v) results in
apparent movement of the primitive only in the vertical direc-
tion.

FIG. 1B illustrates a triangle exhibiting apparent motion in
screen space as a function of horizontal lens dimension (u) in
accordance with the present invention. Triangle 160 is shown
at each of two x-positions (X,) and (x, ) relative to two difter-
ent horizontal lens positions u=-1 and u=+1, the triangle 160
identified with the references 160, and 160, to indicate their
respective lens positions. The screen space motion of the
triangle is “apparent” in this instance, as the triangle does not
actual move in time, but rather its position is shifted, depend-
ing upon the lens position (u) from which it is viewed. Further
particularly, the triangle 160 exhibits a screen space trajectory
170 which intersects the screen space region/tile 180 over
some range of the horizontal lens dimension (u)

FIG. 2 illustrates surfaces formed from three vertices of the
triangle shown in FIGS. 1A-1C in accordance with the
present invention. The vertices form vertex surfaces 222, 224
and 226, each of which extend within a new (t,u,x) coordinate
system over the time span [t,,t, ], horizontal lens dimension
[u_,,u,,], and x-dimension In particular, each vertex surface
222,224 and 226 is formed by a respective one of the vertices
of'the triangle as the vertex moves (actual or apparent motion)
through its (t,u,x) range. In addition, one or more of the vertex
surfaces 222, 224 and 226 may be tilted with respect to time
(t) or the horizontal lens dimension (u) if the vertex has
horizontal motion or horizontal defocus, respectively. In such
a case, two or more vertex surfaces may intersect because the
surfaces’ dependency on (t) and (u) may change the relative
ordering of the vertices as they are seen on screen.
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A trajectory of the triangle’s motion in the x-plane can be
determined from the FIG. 2. In one embodiment, minimum
x-plane extents and maximum X-plane extents are identified
from among the three vertex surfaces over all four corners of
the (t,u) space, points Xoo i Xo1mis X10mie 80 X1 100
Xo0,maxs X01,maxs X10,max a0 X1 .. identified in the illus-
trated embodiment. A lower trajectory boundary is then con-
structed by connecting the minimum x-plane extents, and an
upper trajectory boundary constructed by connecting the
maximum x-plane extents. A linear approximation can be
made to connect the extents, although any function may be
applied to define the trajectory’s boundaries. The trajectory’s
upper and lower boundaries form the primitive’s trajectory in
the x-plane, defining the possible paths which the triangle 110
may take.

Although not shown, the primitive’s trajectory intersects a
screen space region (in this instance, along the x-plane), and
thus the testing of samples within the region is necessary to
render the tile 130. Exemplary, a bounding volume corre-
sponding to the region between the upper and lower trajectory
portions is constructed by limiting the X,y coordinates to lie
within the screen space region which is to be rendered.

FIG. 3 illustrates surfaces formed from three vertices of the
triangle shown in FIGS. 1A and 1B in accordance with the
present invention. The vertices form vertex surfaces 322, 324
and 326, each of which extend within a new (t,v,y) coordinate
system over the time span [t,,t,], vertical lens dimension
[v_,.v,,], and the y-dimension. In particular, each vertex
surface 322, 324 and 326 is formed by a respective one of the
vertices of the triangle as the vertex moves (actual or apparent
motion) through its (t,v,y) range. One or more of the vertex
surfaces may be tilted with respect to time (t) or the vertical
lens dimension (v) if the corresponding vertex has vertical
motion or vertical defocus, respectively.

As above in FIG. 2, a screen space trajectory of the trian-
gle’s motion in the y-plane can be determined, where in an
exemplary embodiment minimum y-plane extents and maxi-
mum y-plane extents are identified from among the three
vertex surfaces over all four corners of the (t,v) space, points
Yo0,min> Yo1,min> ¥ 10,mins andy, 1, min> Y00,maxs Y01, max> ¥ 10,maxs
andy, L, ma identified in the illustrated embodiment. A lower
trajectory boundary is then constructed by connecting the
minimum y-plane extents, and an upper trajectory boundary
constructed by connecting the maximum y-plane extents. A
linear approximation can be made to connect the extents,
although any function may be applied to define the trajecto-
ry’s boundaries. The trajectory’s upper and lower boundaries
form the primitive’s trajectory in the y-plane, defining the
possible paths which the triangle 110 may take.

Although not shown, the screen space trajectory intersects
a screen space region (in this instance, along the y-plane), and
thus the testing of samples within the region is necessary to
determine the render the tile 130. Exemplary, a bounding
volume corresponding to region located between the upper
and lower trajectory portions is constructed by limiting the
x,y coordinates to lie within the screen space region which is
to be rendered.

FIGS. 4A and 4B illustrate a two-dimensional cross-sec-
tion view of the upper and lower bounding planes determined
for each of the (t,u,x) and (t,v,y) coordinate systems in accor-
dance with the present invention. FIG. 4A illustrates a cross
section of FIG. 2 in which a (u) coordinate is selected, and the
planes in FIG. 2 are intersected by the selected constant value
of (u). FIG. 4A further includes a lower bounding plane 422
(referred herein as TUX,1.O) and an upper bounding plane
424 (referred to herein as TUX,HI) for the (t,u,x) coordinate
system. Bounding planes 422 and 424 are constructed by
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computing the minimum and maximum x coordinates at the
four corners of the (t, u) rectangle and fitting a plane to these
points, a process which can be performed, for example, dur-
ing triangle setup.

FIG. 4B illustrates a cross section of FIG. 3 in which a (v)
coordinate is selected and the planes in FIG. 3 are intersected
by that constant value of (v). FIG. 4B further includes a lower
bounding plane 442 (referred herein as TVY,LO) and an
upper bounding plane 444 (referred to herein as TVY,HI) for
the (t,v,y) coordinate system. Similarly, bounding planes 442
and 444 are constructed by computing the minimum and
maximum y coordinates at the four corners of the (t, v) rect-
angle and fitting a plane to these points.

The TUX,LO, TUX,HI, TVY,LO and TVY,HI bounding

planes 422, 424, 442 and 444 have the form:
ATUX,LO*H'B TUX,LO *u+x+CTUX,LO>:0 eq. (2)
ATUXHI*H'B ZUX,HI*u_X+CTUX,HI>:0 eq. (3)
Arvyio By o™ty +Criyio™=0 eq. (4)
Arpy i 4B rpy ™ V=-y+Crpy =0 eq. (5)

wherethe A, B and C are constants determined during triangle
setup. Because TUX, LO bounds the x coordinates of the
vertices from below and TUX, HI from above, itis known that
any visibility sample (X, y, u, v, t) where the TUX,L.O plane
equation evaluates to a negative value cannot possibly be
covered the triangle, and similarly for the other planes. This
gives a fast method for early culling samples using dot prod-
ucts before a more precise coverage test. Once a sample is
determined to lie within the halfspaces defined by all four
planes, the complete coverage test is performed using ray-
triangle intersection or high-dimensional edge functions.

The bounding planes can also be seen as a X-Y screen
bounding box that are affinely parametrized by u, v and t: after
substituting a fixed (u, v, t) triplet into the plane equations, the
remaining linear inequalities determine conservative X and Y
bounds for the image of the triangle.

The axis-aligned coordinate ranges for a pixel at (X,Y), as
presented in the commonly-owned concurrently filed U.S.
patent application Ser. No. 13/168,771, filed Jun. 24, 2011,
entitled “Bounding Box-Based Techniques for Improved
Sample Test Efficiency in Image Rendering” can be com-
puted by intersecting the TUX (respectively, TVY) planes
with the slab X=<x=<X+1 (respectively, Y=<y=<Y+1) and
finding the minimum and maximum t, u (respectively, t, v)
values along this intersection over the t, u rectangle. This can
be imagined as slicing the vertex surfaces shown in FIG. 2
(respectively, FIG. 3) with planes whose normal points
directly up at X and X+1 (respectively, atY and Y+1). In such
an embodiment, the tile/screen space region is a one pixel
sized area of [ X, X+1]x[Y,Y+1].

FIGS. 5A-5C illustrate exemplary bounding planes which
are formed in the (t,u,x) coordinate system in accordance with
the present invention. FIG. 5A illustrates exemplary bound-
ing planes 512 and 514 when only motion is present, whereby
the bounding planes 512 and 514 have a zero component in
the u direction (respectively, in the v direction in a (t,v,y)
coordinate system). In this instance, the B coefficient (of
equations 2 and 3, above) is zero and the bounding planes 512
and 514 are tilted only with respect to time t. Accordingly, the
intersection of the bounding planes 512 and 514 with the
aforementioned slabs forms axis-aligned rectangles in (t, u)
(respectively, (t, v)). The t-boundaries 512 and 514 of this
rectangle correspond to the [t,,,,.t,,,,.| range described in the
Applicant’s aforementioned Ser. No. 13/168,771, filed Jun.
24,2011.
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FIG. 5B illustrates an exemplary bounding planes 522 and
524 when only defocus is present, whereby the bounding
planes 522 and 524 are tilted with respect to u (respectively, v
in the (t,v,y) coordinate system). In this instance, the A coef-
ficient (of equations 2 and 3, above) is zero and the bounding
planes 522 and 524 are tilted only with respect to u (respec-
tively, v in the (t,v,y) coordinate system). Accordingly, the
intersection of the bounding planes 522 and 524 with the
aforementioned slabs forms axis-aligned rectangles in (t, u)
(respectively, (t, v)). The u-boundaries 522 and 524 of this
rectangle correspond to the [u,,;,,U,,...] range (respectively,
the [V,,1,5Vimae Yange) described in the Applicant’s aforemen-
tioned Ser. No. 13/168,771, filed Jun. 24, 2011.

FIG. 5C illustrates exemplary bounding planes 532 and
534 when both motion and defocus are present. In this
example, the intersection is small, but not aligned with the
coordinate axes, leading to a larger test sample range 535
(representing an axis-aligned bounds), and thus a lower
sample test efficiency. The present invention provides a nar-
row sample test range 530 which operates to exclude/cull
samples outside the actual intersection. This improvement
comes at the price of per-sample dot products, indicating that
the earlier axis-aligned bounds can still be used on a per-pixel
level to limit testing of individual samples using the present
method.

While equation (1) assumes a constant per-vertex circle of
confusion, the methods described herein also applies the per-
vertex circles of confusion are allowed to vary linearly in
time. In particular, setting up the bounding planes can still be
done using the same procedure that looks at the x and y
coordinates of the vertices only at the corners of the (t,u,v)
cube.

Further exemplary, the above equations 2-5 are similar to
the typical 2D edge equations (Ax+By+D>=0). Accordingly,
it would therefore be possible to extend the fixed-function
edge function evaluators in a graphics pipeline to process
plane equations 2-5 described herein. For example, the coef-
ficients of the (t,u,x) and (t,v,y) bounding planes, as defined in
Equations 2, 3, 4, and 5, can be described using a few bits, for
example, 8 bits. In this sense, the simplifications are consis-
tent with existing 2D edge equations, in which x and y have
limited subpixel resolution.

FIG. 6 illustrates a method for reducing the number of
sample points tested for rendering a screen space region of an
image. The method includes constructing a trajectory of a
primitive in a three dimensional coordinate system, the coor-
dinate system including a screen space dimension, a lens
dimension and a time dimension at 602. At 604, a bounding
volume is constructed for a screen space region which is to be
rendered. The bounding volume is defined according to a
plurality of bounding planes which extend in said three
dimensional coordinate system, wherein the bounding planes
are determined as a function of the trajectory of the primitive.
Further particularly, the bounding volume overlaps a portion
of'the screen space region. At 606, one or more sample points
which are located within the screen space region, and which
are not overlapped by the bounding volume are excluded from
testing.

In a first exemplary embodiment of operation 602, a tra-
jectory is constructed of one or more vertices of the primitive
in a (t,u,x) coordinate system, for example, by forming a
vertex surface for each of a plurality of vertices of the primi-
tive exemplified in the description of FIG. 2. Consistent with
such an embodiment, the (t,u,x) coordinate system includes a
(t,u) rectangle extending across the x-dimensional space of
the (t,u,x) coordinate system. Further exemplary of this
embodiment, operation 604 includes the additional opera-
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tions of determining a minimum Xx-coordinate and a maxi-
mum x-coordinate at each of the four corners of the (t,u)
rectangle, fitting a plane to the minimum x-coordinates to
form a lower (t,u,x) bounding plane, and fitting a plane to the
maximum x-coordinates to form a upper (t,u,x) bounding
plane. Further exemplary of this embodiment, each sample
point includes indices in the (t,u,x) coordinate system,
wherein operation 606 includes the operation of excluding
from testing one or more sample points having an index
which does not lie between the lower (t,u,x) bounding plane
and the upper (t,u,x) bounding plane.

In a second exemplary embodiment of operation 602, a
trajectory is constructed of one or more vertices of the primi-
tive in a (t,v,y) coordinate system, for example, by forming a
vertex surface for each of a plurality of vertices of the primi-
tive exemplified in the description of FIG. 3. Consistent with
this embodiment, the (t,v,y) coordinate system includes a (t,v)
rectangle extending across the y-dimensional space of the
(t,v,y) coordinate system. Further exemplary of this embodi-
ment, operation 604 includes the additional operations of
determining a minimum y-coordinate and a maximum y-co-
ordinate at each of the four corners of the (t,v) rectangle,
fitting a plane to the minimum y-coordinates to form a lower
(t,v,y) bounding plane, and fitting a plane to the maximum
y-coordinates to form a upper (t,v,y) bounding plane. Further
exemplary of this embodiment, each sample point includes
indices in the (t,v,y) coordinate system, wherein operation
606 includes the operation of excluding from testing one or
more sample points having an index which does not lie
between the lower (t,v,y) bounding plane and the upper (t,v,y)
bounding plane.

Exemplary, the method 600 is carried out for each of a
plurality of primitives in order to improve the sample test
efficiency for determining the color/transparency/reflectance
of'atile (e.g., a pixel) which is overlapped by the plurality of
primitives. Further exemplary, multiple primitives overlap-
ping a particular region/pixel may be processed in parallel,
whereby multiple instances of operations 602 and 604 (one
instance for each primitive) are carried out concurrently.

In an exemplary application, the method of FIG. 6 is car-
ried out as a part of a graphics pipeline process, e.g, as a part
of a pixel shader program executed to compute the color/
transmittance/reflectance of the screen space region, e.g., a
fragment or a pixel. Execution time of the shader program is
shortened due to the smaller number of samples tested, and as
such the shader is able to compute the pixel’s color faster
without loss of accuracy. Further exemplary, the operations
described in FIG. 6 may be performed in hardware, usinge.g.,
an application specific integrated circuit (ASIC) or other cir-
cuit which is able to be configured to carry out the describe
operations.

FIG. 7 illustrates a method for rendering a region of an
image which incorporates method 600. At 712, a screen space
region which is to be rendered is identified. This process may
be performed automatically during image rendering, as suc-
cessive regions (e.g., pixels) of an image which is to be
rendered are selected one after another, or it may occur manu-
ally, for example, if the viewer manually selects a region
which is to be viewed. The method 700 continues with the
implementation of operations 602, 604 and 606 as described,
and implemented in accordance with one or more of the
exemplary embodiments described herein. At 714, the
samples which are located within the screen space region, and
which are overlapped by the bounding volume of the primi-
tive are tested. At 716, the screen space region of the image is
rendered based upon the tested samples. Exemplary embodi-
ments of operation 716 include implementing a shader pro-
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gram operable to compute the color/transmittance/reflec-
tance of the screen space region based upon the tested
samples within that region and overlapped by the bounding
volume. Further exemplary, the method 700 is repeated one or
more times to render multiple regions of the image or the
entire image. As used herein, the term “render” refers to the
output of the screen space region/image in a visually compre-
hensible format (e.g., displayed on a monitor, printed on a
medium, etc.), as well as the process of storing the data
corresponding to such a region/image in electronic form, e.g.
in a render target, such as a frame buffer.

FIG. 8 illustrates an exemplary system 800 in which the
methods described for FIGS. 1A-7 finds utility in accordance
with the present invention. The system 800, exemplary a
computer system, includes a graphics processing sub-system
820 and an output device 840, such as a monitor or printer.
The graphics processing sub-system 820 includes a processor
822, a memory interface 824, a frame buffer 825, and a
scanout processor 826. The processor 822 is operable to per-
form any or all of the operations described for FIGS. 1A-7
herein, and is a parallel processing architecture in an exem-
plary embodiment. A frame buffer 826 is operably coupled to
the processor 822 for receiving rasterized and/or raytraced
fragment values for each frame, and for reading out a com-
posite image of each frame to the output device 840 via
memory interface 824 and link 830 (e.g., a DVI link). In a
specific embodiment, the processor 822 is operable to carry
out one, several, or all of the operations described for any one,
several or more of FIGS. 1A-7. Further, the processor 822
may include local memory operable to store instruction code
for performing the methods described in FIGS. 1A-7. In an
alternative embodiment, system 800 may take on different
forms (e.g., a personal digital assistant, an internet device, a
mobile telephone, or other mobile device), and processor 820
may be an embedded in such different systems. Further alter-
natively, the processor 822 may take the form of an applica-
tion specific integrated circuit or other hardware/firmware
circuit operable to carry out the operations described for any
one, several, or all of FIGS. 1A-7.

In one embodiment, system 800 is operable to reduce the
number of samples tested for rendering a region of an image
in accordance with the present invention. In this embodiment,
the system 800 includes a processor 822 operable to perform
one or more of the operations described for FIG. 6, and one or
more of the operations described for FIG. 7.

As readily appreciated by those skilled in the art, the
described processes and operations may be implemented in
hardware, software, firmware or a combination of these
implementations as appropriate. In addition, some or all of
the described processes and operations may be carried out as
a computer-implemented method, or as computer readable
instruction code resident on a computer readable medium, the
instruction code operable to control a computer of other such
programmable device to carry out the intended functions. The
computer readable medium on which the instruction code
resides may take various forms, for example, a removable
disk, volatile or non-volatile memory, etc.

In a particular embodiment of the invention, a memory
(which may be included locally within the processor 822 or
globally within system 800) is operable to store instructions
for performing any of the operations described for FIGS.
1A-7. The memory may take various forms, e.g., a removable
disk, an embedded memory, etc., in volatile or non-volatile
form, and may be included within a variety of different sys-
tems, e.g. a computer system, an embedded processor, a
graphics processor, or graphics processing sub-system, such
as a graphics card.
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FIG. 9 illustrates an exemplary graphics processing sub-
system 820 of FIG. 8 in accordance with the present inven-
tion. The graphics processing sub-system 820 includes par-
allel processing elements and their associated local L1
caches, as well as a global memory block which is operable to
store instructions for carrying out the methods described for
FIGS. 1A-7. The sub-system 820 may further include one or
more drivers 910 for controlling the operation of the sub-
system 820 in accordance with the methods described herein.

5

In one embodiment, the sub-system 820 is included within in !

a graphics card. In another embodiment, the sub-system 820
is included within the motherboard of a computer or work-
station or on a game console. In another embodiment, the
sub-system 820 is realized in an embedded system, such as in
a cellular telephone.

The terms “a” or “an” are used to refer to one, or more than
one feature described thereby. Furthermore, the term
“coupled” or “connected” refers to features which are in
communication with each other, either directly, or via one or
more intervening structures or substances. The sequence of
operations and actions referred to in method flowcharts are
exemplary, and the operations and actions may be conducted
in a different sequence, as well as two or more of the opera-
tions and actions conducted concurrently. Reference indicia
(ifany) included in the claims serves to refer to one exemplary
embodiment of a claimed feature, and the claimed feature is
not limited to the particular embodiment referred to by the
reference indicia. The scope of the claimed feature shall be
that defined by the claim wording as if the reference indicia
were absent therefrom. All publications, patents, and other
documents referred to herein are incorporated by reference in
their entirety. To the extent of any inconsistent usage between
any such incorporated document and this document, usage in
this document shall control.

The foregoing exemplary embodiments of the invention
have been described in sufficient detail to enable one skilled
in the art to practice the invention, and it is to be understood
that the embodiments may be combined. The described
embodiments were chosen in order to best explain the prin-
ciples of the invention and its practical application to thereby
enable others skilled in the art to best utilize the invention in
various embodiments and with various modifications as are
suited to the particular use contemplated. It is intended that
the scope of the invention be defined solely by the claims
appended hereto.

What is claimed is:
1. A method for reducing the number of sample points
tested for rendering a screen space tile of an image, the
method comprising:
constructing a trajectory of a primitive in a three dimen-
sional coordinate system comprising a screen space
dimension, a lens dimension, and a time dimension;

determining low and high bounding planes in the three
dimensional coordinate system for the screen space tile
of the image by using three dimensional points of the
trajectory of the primitive;

constructing a bounding volume for the screen space tile

which is to be rendered by using the low and high bound-
ing planes in the three dimensional coordinate system
for the screen space tile, wherein the bounding volume
extends between the low and high bounding planes in the
three dimensional coordinate system that are determined
as a function of the trajectory of the primitive, and
wherein the bounding volume overlaps a portion of the
screen space tile; and
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excluding from testing, one or more sample points which
are located within the screen space tile, and which are
not overlapped by the bounding volume.

2. The method of claim 1, wherein said constructing a
trajectory comprises

constructing a trajectory of one or more vertices of the

primitive in a (t,u,x) coordinate system.

3. The method of claim 2,

wherein the (t,u,x) coordinate system includes a (t,u) rect-

angle extending across the x-dimensional space of the

(t,u,x) coordinate system, and

wherein said constructing a bounding volume comprises:

determining a minimum x-coordinate and a maximum
x-coordinate at each of the four corners of the (t,u)
rectangle;

fitting a plane to the minimum x-coordinates to form a
lower (t,u,x) bounding plane; and

fitting a plane to the maximum x-coordinates to form a
upper (t,u,x) bounding plane.

4. The method of claim 3, wherein each sample point
comprises indices in the (t,u,x) coordinate system, and
wherein said excluding from testing comprises

excluding from testing one or more sample points having

an index which does not lie between the lower (t,u,x)
bounding plane and the upper (t,u,x) bounding plane.

5. The method of claim 1, wherein said constructing a
trajectory comprises

constructing a trajectory of one or more vertices of the

primitive in a (t,v,y) coordinate system.

6. The method of claim 5,

wherein the (t,v,y) coordinate system includes a (t,v) rect-

angle extending across the y-dimensional space of the

(t,v,y) coordinate system, and

wherein said constructing a bounding volume comprises:

determining a minimum y-coordinate and a maximum
y-coordinate at each of the four corners of the (t,v)
rectangle;

fitting a plane to the minimum y-coordinates to form a
lower (t,v,y) bounding plane; and

fitting a plane to the maximum y-coordinates to form a
upper (t,v,y) bounding plane.

7. The method of claim 6, wherein each sample point
comprises indices in the (t,v,y) coordinate system, and
wherein said excluding from testing comprises

excluding from testing one or more sample points having

an index which does not lie between the lower (t,v,y)
bounding plane and the upper (t,v,y) bounding plane.
8. A method for rendering a screen space tile of an image,
comprising:
identifying a screen space tile which is to be rendered;
constructing a trajectory of a primitive in a three dimen-
sional coordinate system comprising a screen space
dimension, a lens dimension, and a time dimension;

determining low and high bounding planes in the three
dimensional coordinate system for the screen space tile
of the image by using three dimensional points of the
trajectory of the primitive;

constructing a bounding volume for the screen space tile by

using the low and high bounding planes in the three
dimensional coordinate system for the screen spacetile,
wherein the bounding volume extends between the low
and high bounding planes in the three dimensional coor-
dinate system that are determined as a function of the
trajectory of the primitive, and wherein the bounding
volume overlaps a portion of the screen space tile;
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excluding from testing, one or more sample points which
are located within the screen space tile, and which are
not overlapped by the bounding volume;

testing the sample points which are located within the

screen space tile and which are overlapped by the bound-
ing volume; and

rendering the screen space tile of the image based upon the

tested sample points.

9. The method of claim 8, wherein said constructing a
trajectory comprises

constructing a trajectory of one or more vertices of the

primitive in a (t,u,x) coordinate system.

10. The method of claim 9,

wherein the (t,u,x) coordinate system includes a (t,u) rect-

angle extending across the x-dimensional space of the

(t,u,x) coordinate system, and

wherein said constructing a bounding volume comprises:

determining a minimum x-coordinate and a maximum
x-coordinate at each of the four corners of the (t,u)
rectangle;

fitting a plane to the minimum x-coordinates to form a
lower (t,u,x) bounding plane; and

fitting a plane to the maximum x-coordinates to form a
upper (t,u,x) bounding plane.

11. The method of claim 10, wherein each sample point
comprises indices in the (t,u,x) coordinate system, and
wherein said excluding from testing comprises

excluding from testing one or more sample points having

an index which does not lie between the lower (t,u,x)
bounding plane and the upper (t,u,x) bounding plane.

12. The method of claim 8, wherein said constructing a
trajectory comprises

constructing a trajectory of one or more vertices of the

primitive in a (t,v,y) coordinate system.

13. The method of claim 12,

wherein the (t,v,y) coordinate system includes a (t,v) rect-

angle extending across the y-dimensional space of the

(t,v,y) coordinate system, and

wherein said constructing a bounding volume comprises:

determining a minimum y-coordinate and a maximum
y-coordinate at each of the four corners of the (t,v)
rectangle;

fitting a plane to the minimum y-coordinates to form a
lower (t,v,y) bounding plane; and

fitting a plane to the maximum y-coordinates to form a
upper (t,v,y) bounding plane.

14. The method of claim 13, wherein each sample point
comprises indices in the (t,v,y) coordinate system, and
wherein said excluding from testing comprises

excluding from testing one or more sample points having

an index which does not lie between the lower (t,v,y)
bounding plane and the upper (t,v,y) bounding plane.
15. A system operable to reduce the number of sample
points tested for rendering a screen space tile of an image, the
system including a processor operable to:
construct a trajectory of a primitive in a three dimensional
coordinate system comprising a screen space dimen-
sion, a lens dimension, and a time dimension;

determine low and high bounding planes in the three
dimensional coordinate system for the screen space tile
of the image by using three dimensional points of the
trajectory of the primitive;

construct a bounding volume for the screen space tile

which is to be rendered by using the low and high bound-
ing planes in the three dimensional coordinate system
for the screen space tile, wherein the bounding volume
extends between the low and high bounding planes in the
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three dimensional coordinate system that are determined
as a function of the trajectory of the primitive, and
wherein the bounding volume overlaps a portion of the
screen space tile; and

exclude from testing, one or more sample points which are

located within the screen space tile, and which are not
overlapped by the bounding volume.

16. The system of claim 15, wherein in accordance with the
processor operable to construct a trajectory, the processor is
operable to construct a trajectory of one or more vertices of
the primitive in either a (t,u,x) coordinate system.

17. The system of claim 16,

wherein the (t,u,x) coordinate system includes a (t,u) rect-

angle extending across the x-dimensional space of the

(t,u,x) coordinate system, and

wherein in accordance with the processor operable to con-

struct a bounding volume, the processor is operable to:

determine a minimum X-coordinate and a maximum
x-coordinate at each of the four corners of the (t,u)
rectangle;

fit a plane to the minimum x-coordinates to form a lower
(t,u,x) bounding plane; and

fita plane to the maximum x-coordinates to form a upper
(t,u,x) bounding plane.

18. The system of claim 17, wherein each sample point
comprises indices in the (t,u,x) coordinate system, and
wherein in accordance with the processor operable to exclude
from testing, the processor is operable to exclude from testing
one or more sample points having an index which does not lie
between the lower (t,u,x) bounding plane and the upper (t,u,x)
bounding plane.

19. The system of claim 15, wherein in accordance with the
processor operable to construct a trajectory, the processor is
operable to constructing a trajectory of one or more vertices
of the primitive in a (t,v,y) coordinate system.

20. The system of claim 19,

wherein the (t,v,y) coordinate system includes a (t,v) rect-

angle extending across the y-dimensional space of the

(t,v,y) coordinate system, and

wherein in accordance with the processor operable to con-

struct a bounding volume, the processor is operable to:

determine a minimum y-coordinate and a maximum
y-coordinate at each of the four corners of the (t,v)
rectangle;

fit a plane to the minimum y-coordinates to form a lower
(t,v,y) bounding plane; and

fita plane to the maximum y-coordinates to form a upper
(t,v,y) bounding plane.

21. The system of claim 20, wherein each sample point
comprises indices in the (t,v,y) coordinate system, and
wherein in accordance with the processor operable to exclude
from testing, the processor is operable to exclude from testing
one or more sample points having an index which does not lie
between the lower (t,v,y) bounding plane and the upper (t,v,y)
bounding plane.

22. A system operable to render a screen space tile of an
image, the system including a processor operable to:

identify a screen space tile which is to be rendered;

construct a trajectory of a primitive in a three dimensional
coordinate system comprising a screen space dimen-
sion, a lens dimension, and a time dimension;

determine low and high bounding planes in the three
dimensional coordinate system for the screen space tile
of the image by using three dimensional points of the
trajectory of the primitive;

construct a bounding volume for the screen space tile by

using the low and high bounding planes in the three
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dimensional coordinate system for the screen space tile,
wherein the bounding volume extends between the low
and high bounding planes in the three dimensional coor-
dinate system that are determined as a function of the
trajectory of the primitive, and wherein the bounding
volume overlaps a portion of the screen space tile;

exclude from testing, one or more sample points which are
located within the screen space tile, and which are not
overlapped by the bounding volume;

test the sample points which are located within the screen

space tile and which are overlapped by the bounding
volume; and

render the screen space tile of the image based upon the

tested sample points.

23. The system of claim 22, wherein in accordance with the
processor operable to construct a trajectory, the processor is
operable to construct a trajectory of one or more vertices of
the primitive in either a (t,u,x) coordinate system.

24. The system of claim 23,

wherein the (t,u,x) coordinate system includes a (t,u) rect-

angle extending across the x-dimensional space of the

(t,u,x) coordinate system, and

wherein in accordance with the processor operable to con-

struct a bounding volume, the processor is operable to:

determine a minimum X-coordinate and a maximum
x-coordinate at each of the four corners of the (t,u)
rectangle;

fit a plane to the minimum x-coordinates to form a lower
(t,u,x) bounding plane; and

fita plane to the maximum x-coordinates to form a upper
(t,u,x) bounding plane.

25. The system of claim 24, wherein each sample point
comprises indices in the (t,u,x) coordinate system, and
wherein in accordance with the processor operable to exclude
from testing, the processor is operable to exclude from testing
one or more sample points having an index which does not lie
between the lower (t,u,x) bounding plane and the upper (t,u,x)
bounding plane.

26. The system of claim 22, wherein in accordance with the
processor operable to construct a trajectory, the processor is
operable to constructing a trajectory of one or more vertices
of the primitive in a (t,v,y) coordinate system.

27. The system of claim 26,

wherein the (t,v,y) coordinate system includes a (t,v) rect-

angle extending across the y-dimensional space of the

(t,v,y) coordinate system, and

wherein in accordance with the processor operable to con-

struct a bounding volume, the processor is operable to:

determine a minimum y-coordinate and a maximum
y-coordinate at each of the four corners of the (t,v)
rectangle;

fit a plane to the minimum y-coordinates to form a lower
(t,v,y) bounding plane; and

fita plane to the maximum y-coordinates to form a upper
(t,v,y) bounding plane.

28. The system of claim 27, wherein each sample point
comprises indices in the (t,v,y) coordinate system, and
wherein in accordance with the processor operable to exclude
from testing, the processor is operable to exclude from testing
one or more sample points having an index which does not lie
between the lower (t,v,y) bounding plane and the upper (t,v,y)
bounding plane.
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29. A computer program product, resident on a non-tran-
sitory computer-readable medium, and operable to store
instructions for reducing the number of sample points tested
for rendering a screen space tile of an image, the computer

5 program product comprising:

instruction code for constructing a trajectory of a primitive

in a three dimensional coordinate system comprising a

screen space dimension, a lens dimension, and a time

dimension;

instruction code for determining low and high bounding

planes in the three dimensional coordinate system for

the screen space tile of the image by using three dimen-
sional points of the trajectory of the primitive;

instruction code for constructing a bounding volume for
the screen space tile which is to be rendered by using the
low and high bounding planes in the three dimensional
coordinate system for the screen space tile, wherein the
bounding volume extends between the low and high
bounding planes in the three dimensional coordinate
system that are determined as a function of the trajectory
of the primitive, and wherein the bounding volume over-
laps a portion of the screen space tile; and

instruction code for excluding from testing, one or more

sample points which are located within the screen space

tile, and which are not overlapped by the bounding vol-
ume.

30. A computer program product, resident on a non-tran-
sitory computer-readable medium, and operable to store
instructions for rendering a screen space tile of an image, the
computer program product comprising:

instruction code for identifying a screen space tile which is

to be rendered;

instruction code for constructing a trajectory of a primitive

in a three dimensional coordinate system comprising a

screen space dimension, a lens dimension, and a time

dimension;

determining low and high bounding planes in the three

dimensional coordinate system for the screen space tile

of the image by using three dimensional points of the
trajectory of the primitive;

instruction code for constructing a bounding volume for

the screen space tile by using the low and high bounding
planes in the three dimensional coordinate system for
the screen space tile, wherein the bounding volume
extends between the low and high bounding planes in the
three dimensional coordinate system that are determined
as a function of the trajectory of the primitive, and
wherein the bounding volume overlaps a portion of the
screen space tile;

instruction code for excluding from testing, one or more

sample points which are located within the screen space

tile, and which are not overlapped by the bounding vol-
ume;

instruction code for testing the sample points which are

located within the screen space tile and which are over-

lapped by the bounding volume; and

instruction code for rendering the screen space tile of the

image based upon the tested sample points.
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